The distribution of the collateral damage beneath craters produced by ultrafast (femtosecond) laser single pulses in a nickel base superalloy single crystal has been analyzed using electron backscatter diffraction. The procedure is based on measurements of the localized crystal rotations caused by the dislocations generated by the shock wave that is produced as an effect of laser pulse interaction with a material. Damage in the form of lattice misorientation created by excess dislocations was negligible at laser fluences up to 2 J/cm 2 . At higher fluences (5.1-41 J/cm 2
I. INTRODUCTION
The rapid advances in the generation and amplification of ultrashort laser pulses have opened up many new possibilities in laser-matter interaction and materials processing. 1, 2 The energy deposition that occurs by application of ultrashort laser pulses is highly spatially concentrated into the material over a short time span and ablation occurs without interaction of the incoming pulse with the ablated material. As a result, only very limited damage in the form of heataffected zones (HAZ), melting or dislocations occurs over a wide range of fluence. 2, 3 The primary mechanism for energy deposition into the bulk of the material is the shock wave rather than thermal transport that is dominant in longer laser pulses. 4 Although extensive recent studies using scanning electron microscopy (SEM) and atomic force microscopy (AFM) on the ablated surfaces have revealed various aspects of the surface morphology following the ablation process, 2,5-9 only limited work has been conducted to study the subsurface collateral substructural damage following material removal. 3, 9, 10 Femtosecond laser ablation studies on transmission electron microscopy (TEM) thin foils revealed a very limited (<5 lm) laser-induced plastically deformed layer in superalloys 9 and aluminum. 3 In a few other studies, 10 ,11 the evolution of the dislocation structure within a laser damaged region has been studied by TEM. However, complete characterization of the distribution of the substructural collateral damage in terms of the dislocation content beneath a crater produced by a laser pulse has not been reported so far for any material.
TEM and electron backscatter diffraction (EBSD) are the two techniques with sufficient sensitivity at the smallest length scales for mapping plastic deformation caused by a laser pulse. Even though TEM can provide direct observation of the local dislocation structure, the volume of material that can be examined is limited, and it is therefore not possible to map the strain distribution over the $lm 3 of material affected by the laser pulse. Hence, EBSD has been used in the present investigation to map the collateral damage caused by single fs laser pulses of varying intensities. The EBSD approach has been used extensively in the past two decades for studying the extent of plastic deformation within individual grains and near the grain boundaries in polycrystals. [12] [13] [14] Recently, EBSD has also been used for mapping deformation induced rotation patterns below nanoindents 15 and microindents. 16 The pattern quality and the local crystal rotation are the two parameters derived from the EBSD analysis that can be used to map plastic deformation. 17 As the localized crystal rotation can potentially be linked quantitatively to the local excess dislocation density, 12, 17 it has been used in the present investigation for mapping the damage caused by fs single laser pulse of various fluence values.
II. EXPERIMENTAL
The material investigated in this study is a secondgeneration single-crystal nickel-base alloy, designated CMSX-4. The nominal composition (wt. %) of the alloy is 61.42% Ni, 9.6% Co, 6.6% Ta, 6.4% Cr, 6.4% W, 5.64% Al, 2.9% Re, 1.03% Ti, and 0.1% Hf. Further details of sample heat treatment and microscructure are provided elsewhere. pulses were linearly polarized at a wavelength of 780 nm, pulse duration of 150 fs, and were delivered to the sample at a repetition rate of 125 Hz at various average power intensities in a range of 1.5-68 mW. One hundred shots of single pulses at each average power were deposited in a 10 Â 10 array (Fig. 1 ) at a spacing of 0.1 mm or 0.2 mm, with larger spacing for higher power shots. The sample was ultrasonically cleaned in methanol to remove most of the debris and the ablation features were studied using SEM. The diameter of a circle of the same area as that of the ablated area is taken as the equivalent diameter of the laser ablated area. After the SEM characterization of the ablation features, a thin surface layer of nickel was deposited by electroless plating using Elnic solution (supplied by MacDermid Industrial Solution) to protect the ablation features at and near the edge of the sample while polishing the cross-section for EBSD characterization ( Fig. 1) . After the nickel plating, the cross-section of the sample was prepared by conventional metallographic procedures with a final polish of 0.25 lm diamond suspension followed by vibratory polishing in 0.05 lm colloidal silica solution for about 4-6 h. EBSD data were acquired using a Philips XL30 FEG SEM with a sample tilt of 70 at 18 mm working distance. The SEM was operated at 20 kV and the data were acquired at 0.06-0.18 lm step size. The grain reference orientation deviation (GROD) function available in the EDAX TSL OIM TM software showing the crystal rotation at each point with respect to the average orientation of the grain was employed to analyze the collateral damage beneath the craters. After plating the sample surfaces with nickel, it was not possible to directly see the laser spots. The EBSD scans were performed at the expected crater locations with respect to the sample edges after preparing sample cross-sections. The EBSD GROD maps showing craters with the maximum depth and similar width as the diameter of the crater observed from the ablated surface for corresponding laser fluence was considered to be the one obtained just beneath the center of the crater and are reported here. Figure 2 shows the secondary electron (SE) images of the ablation features produced by the single fs laser pulses of various fluence values. Two material removal regions resulting from fs laser ablation of CMSX-4 superalloy are clearly imaged at higher fluence values (Figs. 2(c)-2(f)), i.e., a high damage inner crater region marked as region B (of equivalent diameter ¼ D2) and a low damage outer region between D2 and D1. The rim of the crater is taken as the outer boundary of the high damage region and the low damage region is identified by the contrast difference in the region surrounding the central crater and the un-exposed region on the ablated surface, as seen in Figs. 2(a)-2(f) . By examining the variations in the square of the equivalent diameter (D1 and D2) with the natural logarithm of the laser pulse energy, the beam radius (x 0 ), the threshold energy (E th ), and the threshold fluence (/ th ) for different ablation features can be determined using Eq. (1) 18
III. RESULTS AND DISCUSSION
As shown in Fig. 2(g Figure 3 shows a typical GROD map obtained from the EBSD analysis on the cross-sectional plane underneath the crater produced by a single fs laser pulse at 5.1 J/cm 2 fluence, in the higher fluence regime. The SE image of a corresponding crater obtained from the ablated surface is also shown at the same magnification for direct comparison. The black area in the GROD map indicates the deposited nickel from which no EBSD pattern could be obtained. A crater of about 1 lm depth in the center of the GROD map is present, followed by a region of about 5 lm depth exhibiting high levels of local crystal rotation, in the range of 1.3 -5 . A second region showing more diffuse damage emanating from the center of the laser-induced crater and extending up to about 10 lm beneath the crater is also apparent in Fig. 3 . By comparing the GROD map and the SE image, it is observed that the highest damage intensity is generated in the high fluence ablation region (region B in Figs. 2(d) and 3(b) ). No discernible feature typical of laser induced damage, as described above, could be observed underneath the ablation craters produced by single fs laser pulses with fluences of 0.9 and 2.0 J/cm 2 , for which the high ablation damage region was not observed on the ablation surface. Similar misorientation distributions as observed underneath the crater produced by single fs laser pulse at a peak fluence of 5.1 J/cm 2 were also observed underneath the craters produced by laser fluences of 9.1, 30, and 41 J/cm 2 with increasing extent of depth and area of damage with increasing fluence, as shown in Figs. 4 and 5. The laser pulses were delivered on the surface that was prepared by conventional metallographic procedures with final polishing using 0.25 lm diamond suspension. This surface was not subjected to vibratory polishing using colloidal silica suspension, as in the case of the surface preparation for EBSD studies. Hence, $2 lm deep damage layer was observed throughout the surface on which the laser pulses were delivered. This damage layer of about $2 lm depth is seen at the edges in the EBSD maps in Fig. 4 .
The GROD maps provide a good representation of the overall distribution of misorientation developed due to dislocation injection, compared to other measures such as the local misorientation between adjacent sampling points (kernel average misorientation), hence GROD maps are shown in this paper. However, to quantitatively analyze the excess dislocation density introduced by the laser pulse, the misorientation between every scan point with respect to the neighboring points is measured at the outer edge of the damage zone (along the dotted line as shown in Fig. 3(a) ) and just beneath the ablation crater. Since these misorientations were acquired at slightly different step sizes (0.06-0.18 lm), a correction 19 of 0.26 is given for the misorientation values for all four fluence conditions to match the misorientation per unit length of the undamaged matrix in all the maps. After applying this correction, the misorientation for undamaged matrix is obtained as $0.4 /lm and the maximum misorientation near the crater is $4 /lm. Figure 6 schematically shows a simple relationship between the misorientation, h, dislocation spacing, d, and scan step size, L. Considering that h ¼ b/d, the dislocation density can be estimated as
Taking the value of Burgers vector (1/2h110i) as b ¼ 0.253 Â 10 -7 cm, dislocation densities in the undamaged matrix and near the crater are calculated to be 2.8 Â 10 9 /cm 2 and 2.8 Â 10 10 /cm 2 , respectively. The dislocation density in the undamaged matrix is in good agreement with that reported for the annealed CMSX-4 alloy based on the TEM 20 and synchrotron imaging 21 studies. The 10 times increase in the dislocation density near the crater is also in line with the maximum decrease of 10 times observed in the dislocation spacing with increasing shock pressure from 40 GPa to 55 GPa in [001] Ni single crystal, beyond which it was almost constant up to 65 MPa. 22 The two different ablation morphologies produced by high fluence single fs laser pulse as observed in the present study have also been reported earlier for various metals and alloys. [5] [6] [7] 23 The high ablation damage feature has been reported to occur above a threshold beyond which the rate of material removal by ablation abruptly increases. 5, 6 Due to the fast energy deposition ensured by the ultrashort laser pulses, the energy is localized into near constant volume of the material, which develops strong pressure waves as material is ejected from the surface, resulting in changes in the structure of the material. 24 It can be seen in Fig. 4 that the collateral damage is confined to the region beneath the surface where fluences are in the high ablation rate regime. This extent of plastic deformation is much less as compared to that reported for nanosecond lasers for similar fluence values where a much larger heat affected zone of about 3-4 times the size of the crater is usually observed. 25 The extent of the laser-induced plastic deformation as revealed by the GROD analysis in the present study is in good agreement with that reported for fs laser ablation study on a superalloy TEM thin film, 9 where a laser-induced plastically deformed layer with a maximum extent of 5 lm including a 2 lm layer of intensively deformed layer was observed by machining with 50-200 pulses at a fluence of 2.33 J/cm 2 . A good agreement for the extent of damage observed in the two studies demonstrates that the local crystal rotation based approach followed in the present study for mapping the laser-induced plastically deformed layer indeed provides the distribution of dislocation density underneath the craters.
The damage depth, d, has been measured to be linearly dependent on the fluence, /, Fig. 5 . The damaged region contains a high density of dislocations, which will locally increase the hardness of the material beneath the ablated region. For a wide range of metallic materials, it has been shown that the hardness scales with P 1/2 , where P is the peak shock pressure. 26 The defect generation mechanisms that occur in the presence of an attenuating shock wave are complex and remain under investigation. 27 However, since the hardness (and therefore flow stress, r) of the material is expected to increase with q 1/2 , 28 and therefore h 1/2 , then the peak pressures associated with the defect generation process would appear to vary linearly with the fluence, /, in the high fluence damage regime, based on Fig. 5 . This is in very good agreement with the variation in peak pressure reported to be proportional to / 0.7-1.4 in various studies. 29, 30 In the low fluence regime, no significant increase in misorientation could be measured following ablation. This suggests that dislocations are not easily generated under the conditions present in the low fluence regime. Further hydrodynamic simulations of the shock process would clearly be useful for developing a more detailed model for damage prediction and for correlating defect generation processes with the local stresses present following deposition of the laser pulse.
IV. CONCLUSIONS
1. EBSD based crystal rotation analysis has been used for revealing the laser-induced plastic deformation underneath the craters produced by single fs laser pulses over a range of fluences. 2. The damage is confined to the region beneath the high ablation damage crater and is caused by the shock wave generated in the high damage ablation regime. 
